forecasting service company for geographically scattered DGs. To this end, this research aims to develop a reliable and accessible forecast model for wind energy production by utilizing the weather forecast data available to the general public. Therefore, the procedure is simple to implement for DGs without incurring additional cost. The performance of the production forecast model is verified on a utility scale wind turbine.
PROTOTYPE WIND TURBINE
The wind turbine used in this research is a 100kW utility scale wind turbine (Northern Power ® 100) installed on the campus of CWRU (Figure 1 ). The key parameters of the turbine are shown in Table 1 . The manufacture power curve is shown in Figure 2 . The wind turbine was installed in November 2010 with financial support from the Ohio Third Frontier Program. The primary role of the turbine is to serve as a research test-bed for electrical and mechanical research. A Campbell-Scientific data acquisition system (DAQ) is installed in the wind turbine to collect its operation data continuously, which include data on the wind speed, wind direction, turbine output power, air temperature, humidity, etc.
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MEASURED WIND TURBINE POWER CURVE 3.1. Measured wind turbine power curve
The DAQ system described above is connected to a data storage system installed at the bottom of the wind turbine tower, which can be accessed directly from a terminal computer. Among the instrument signals the DAQ system collects are the power output versus wind speed. Data collected on the wind turbine power produce history is analyzed to develop the relationship between power production and wind speed. Example data over one month period, from August 20 th through September 20 th , 2013 is shown in Figure 3 . Plot of wind speed versus power production is shown in Figure 4 . The equation from regression analyses using a polynomial mode is shown as (1) where P is output power (kW) and v is wind speed (m/s). The Pearson product-moment correlation coefficient (PPMCC or PCC) is used to measure the degree of linear dependence between two variables [3] , i.e., wind speed and power output. The value of PPMCC ranges between -1 to +1, where 1 is total positive correlation, 0 is no correlation, and −1 is total negative correlation. PPMCC is calculated via eqns (2-4) [4] .
(2)
where r is Pearson product-moment correlation coefficient, S X is sample standard deviation and is sample mean.
Pearson correlation of power and wind speed is 0.816. According to Table 2 , there is a high correlation between wind speed and power output.
By comparing the manufacture curve and measured curve shown in Figure 5 , it shows that for wind speed between 0 to 4 m/s, power output of measured production curve is higher than manufacture curve; and for wind speed between 4 m/s to 8 m/s, measured production curve is lower than manufacture curve. 
The measured curve in the range of wind speed larger than 8m/s is unreliable because there are no many measured wind speeds in this range as shown in Figure 4 .Therefore, only the portion of the measured wind turbine production curve that lies under 8m/s is used in the subsequent analyses.
The influence of air temperature on power curve
The temperature affects the power production by changing the density of the air. According to the theoretical wind power and wind speed relationship [6] :
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where P w is power output; ρ (kg/m 3 ) is air density; v (m/s) is the wind speed, A (m 2 ) is the intercept area. The change of air density with temperature is described by the ideal gas law. An example is shown in Figure 6 for constant pressure of 1 atm [7] : (6) where ρ (kg/m 3 ) is air density, p is absolute pressure, R Sp is specific gas constant for dry air, 287.058 J/(kg·K) and T (°C) is temperature.
Use the temperature data collected form the sensor near the wind turbine, the density change for the same period as power output versus wind is calculated. The power curve normalized by the air density is shown in eqn. 7. 
Using the format of eqn. 7, the new power curve of the wind turbine is determined using the corresponding air density normalized power and wind speed data. The equation for wind turbine power output from regression analyses of the measured data becomes:
(8) Figure 7 is the power curve under different temperatures using eqn. 8. It shows that for wind speed between 2 m/s to 8 m/s, the power output and temperature has negative relationship, which is consistent with physical observations. This research only considers the influence of wind speed and temperature on wind turbine power output. There are other factors that affect the relationship between power output and wind speed such as humidity, precipitation, etc. The influence of these factors are small compared with that by the wind speed and temperature, and is therefore ignored in this research.
MODEL FOR WIND ENERGY PRODUCTION PREDICTION 4.1. Wind speed forecast data
With an average wind speed of 4.69 m/s, Cleveland is a windy city. According to NOAA, the windiest season in Cleveland is winter, with winter wind speeds reaching 5.36 m/s on average -28% higher than in the rest of the U.S. Counter intuitively, summer average wind speed is the lowest during the year which is only 3.93 m/s. The data used for wind energy production forecast was obtained from a commercial weather forecast website [8] . It provide 24 hour weather forecast at 3 hour interval. Forecasted wind speed data in Cleveland from two seasons of the year were used in analyses. Examples data sets for typical days in September and February of 2013 are shown in Tables 3 and 4 .
Due to lack of data on forecasted temperature, an alternative was take to use the measured data by the DAQ. The corresponding temperatures are shown in Tables 5 and 6.
Model for wind load simulation
The wind speed data at 3 hour intervals obtained from weather station is apparently not sufficient for accurate prediction of wind production power, due to lack of tempo and spatial resolutions. A model for stochastic wind field is firstly developed to increase the accuracy of power output prediction. Wind speed history affected by terrain, elevation, land cover and other factors are also considered in the following simulation. 
where U tot (t, z) is total the transient wind speed; U z (z) is the mean wind speed component which varies with the elevation z (ground as reference) only and u z (t) is the fluctuating turbulent wind speed that varies both with time t and elevation z. The NOAA (National Oceanic and Atmospheric Administration) provides the mean hourly wind speed, which need to be converted to an instantaneous speed to conduct transient wind simulations. For example, for the prototype wind turbine studied in this paper, the mean annual wind speed is 4.69 m/s at the height of 10.0 meters for open terrain condition [9] . This wind speed needs to be adjusted for averaging time and height exposure before it is used in the model based wind forecast. The Durst curve [10] is often used to convert wind speed data measured and averaged over one time interval to another time interval.
Taking the hourly mean wind speed value of 4.69 m/s to an instantaneous value requires an amplification factor of 1.57 by referring to the Durst curve [10] . Therefore the mean wind speed at the reference height of 10.0 meters equals to: (10) b) Adjustment for hub height Two empirical relationships are commonly used to describe the variation of mean wind speed with elevation within the atmospheric boundary layer: The Logarithmic Law and the Power Law [11] . The Logarithmic Law is generally considered more accurate for large height. The Power Law is more frequently used in structural engineering and is used here to calculate mean wind speed over the turbine height.
Using the Power Law, the wind speed at any height above the ground can be determined using the following expression [11] : (11) where z ref is reference height above the ground equals to 10 m [10] and U ref is the reference wind velocity measured at reference height.
The exponent, α 0 , in eqn. 11 will change with the terrain roughness and the height range. A relationship that can be used to The following equation illustrate the relation between the exponent and the roughness length, z 0 [12] : (12) For the 100 kW wind turbine analyzed in this work, z 0 is set as 0.3 according to Table 7 as the site is surrounded with medium rise buildings [11] . The hub-height of this wind turbine is 37 m. Therefore, the corresponding mean wind speed at the hub height equals to 9.03 m/s by use of eqns (11) (12) . 
In which Δf is frequency increment; k is the number of frequency increment; K is the surface drag coefficient. 0.4 here is an experimentally value known as von Karman's constant.
The random turbulent wind speed component is simulated using eqn. (17) [15] :
where ϕ k is Gaussian random number distributed uniformly between 0 and 2π which is chosen for each central frequency; t is time value in the simulation, and n is the number of frequencies for which the given spectrum S k (k,z) has been evaluated for specific frequencies f k . The equations above have been evaluated by [15] and have been found to generate wind time process that is reasonably accurate when compared to the actual measured wind history. By use of these procedures, the wind speed time process at 10 minutes interval was obtained using weather forecast data at 3 hour interval. An example of 180 minutes wind history derived from forecasted 3 hour mean wind speed is shown in figure 8 . In this figure, for a given mean wind speed of 3.1 m/s, the instantaneous wind velocity is predicted to vary between 2m/s to 4m/s. Or, the fluctuating turbulent wind speed component varied from -1.4 m/s to 1.1 m/s. By use of this procedure, the average forecasted wind speed data at 3 hour interval is transformed into 18 data points at 10-minute time interval (i.e., Figure 8 ).
METHODS FOR WIND ENERGY PRODUCTION FORECAST
Several methods are used to forecast 24 hour wind energy output with their performance compared. These include (Method 1) prediction using weather forecast data (24 hr at 3 hr interval) with manufacturer turbine production curve; (Method 2) prediction using weather forecast data (24 hr at 3 hr interval) with measured turbine production curve; (Method 3) prediction using simulated 10 minute wind speed from weather forecast data and use the manufacturer turbine production curve; (Method 4) prediction using simulated 10 minute wind speed from weather forecast data and the measured turbine production curve; and (Method 5) prediction using weather forecast data and measured turbine production curve considering temperature effects. The results for a few typical Figure 9 and 10 for warm weather and cold weather respectively. The measured actual power output data is used as the comparison basis. Figure 9 shows the forecasted energy production on a typical warm day with relatively low wind speed. Observation of Figure 9 shows that prediction using Method 4, which predict the energy production using simulated 10 minute wind speed from 24 hour advanced weather forecast data and the measured turbine production curve, gives the closet match to the actual production, with an overall accuracy of within ±5% from actual energy production. The comparison also shows that energy production predicted directly using manufacturer production curve or direct use weather forecast data (such as Method 1 and Method 3) are unsatisfactory. Figure. 10 Prediction of daily wind energy production by different methods using 24 hour weather forecast data on typical days with cold weather (a) Feb 19, 2013 (b) Feb 20, 2013, (c) Feb 21, 2013 Figure 10 shows the forecasted wind energy production on a cold day with relatively high wind speed. For this case, Method 3, which use the simulated wind speed and manufacture produced production curve, gives the closest match. Counter intuitively, Method 4, which worked well for energy production forecast on a warm day with low wind speed, did not work as good as Method 3. The reason that caused the inaccuracy of method (4) on the cold weather might be due to the fact that the measured production curve used in the production is primarily based on lower wind speed WIND ENGINEERING Volume 39, No. 6, 2015 605 Figure 4 ), which might deviate from the real power output curve at higher wind speed. It is anticipated that improvement in determining the actual production curve will further improve the accuracy in energy production forecast.
Considering the influence of air temperature, as in Method 5, slightly improved the accuracy in power output forecast compared with Method 4 as shown in Figure 10 . This implies that considering the influence of air temperature might help to further improve the accuracy in predicting wind energy production.
CONCLUSION
A new method was developed to predict 24 hour energy output of wind turbine based on 24 hour forecasted wind speed commonly available. The method incorporates a simplified aerodynamic model that account for the influence of terrain conditions on the wind speed distribution with elevations. The model and procedures are validated by use of monitoring data from an utility scale wind turbine. A few alternative procedures were also implemented to compare the relative performance. The results show that this new model-based forecast method provide more accurate prediction of wind energy production for different seasons. Major advantages of this model include that it is based on data commonly available from weather forecast providers and is applicable to different terrain conditions. It, therefore, provides reliable forecast for wind energy production with minimum cost.
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